In the presence of partially purified pseudorabies virus immediate-early protein, multiple sites of DNase I protection were observed on the adenovirus major late and human hsp 70 promoters. Southwestern (DNA-protein blot) analysis demonstrated that the immediate-early protein bound directly to the sequences contained in these sites. These sequences share only limited homology, differ in their affinities for the immediate-early protein, and are located at different positions on these two promoters. In addition, the site-specific binding of a temperature-sensitive immediate-early protein was eliminated by the same heat treatment which eliminates its transcriptional activating function, whereas the binding of the wild-type protein was unaffected by heat treatment. Thus, site-specific binding requires a functionally active immediate-early protein. Furthermore, immediate-early-protein-dependent in vitro transcription from the major late promoter was preferentially inhibited by oligonucleotides which are homologous to the high-affinity binding sites on the major late or hsp 70 promoters. These observations suggest that transcriptional stimulation by the immediateearly protein involves binding to cis-acting elements.
The immediate-early (IE) proteins of several doublestranded DNA viruses, including the ElA protein of adenovirus, the ICP4 protein of herpes simplex virus, and the IE protein of pseudorabies virus (PrV), activate subsequent early viral gene expression in trans (for reviews, see references 5, 15, and 22) . While the mechanisms by which these proteins increase transcription are not clearly understood, the observation that different IE proteins can substitute for each other (11, 30) suggests that these mechanisms have features in common. No specific promoter sequences have been identified which are uniquely required for stimulation by IE proteins. Indeed, transcription is stimulated from multiple promoters of both cellular and viral origin which have no upstream elements in common (for a review, see reference 5) . This observation suggests that stimulation might be mediated through core promoter elements (TATA and cap sites) which interact with basic transcription factors. This suggestion is supported by reports indicating that mutations in the TATA elements of E1B and hsp 70 promoters result in a loss of the ability of the ElA protein to stimulate transcription (28, 34) and that mutations in the TATA box of the herpes simplex virus thymidine kinase promoter reduce stimulation by ICP4 much more than do other promoter mutations (8) .
Both the pseudorabies IE protein and ElA have been shown to activate transcription in vitro (1, 29) . Further studies have indicated that the pseudorabies IE protein increases in vitro transcription by facilitating the promoter interactions of the TATA box-binding factor TFIID (2) and that TFIID is the only basic factor required during IE protein-mediated promoter activation (33) . In addition, the stimulatory activity in extracts from adenovirus-infected cells cofractionates with TFIID (20) , consistent with the supposition that ElA may activate TFIID in vivo.
Others have investigated the possibility that trans-activation is mediated through interactions of IE proteins with promoter sequences. Recent studies have shown that the 289-amino-acid ElA protein, the primary form required for trans-activation (for a review, see reference 24) , is able to bind directly to DNA, albeit weakly and without sequence specificity (6) . In contrast, site-specific binding has been observed with a partially purified ICP4 protein by immunoprecipitation, and a weakly conserved consensus sequence was derived (9, 10) . Southwestern (DNA-protein blot) analysis has demonstrated that ICP4 binds directly to these sequences and has further illustrated the degeneracy of the consensus (ATCGTnnnnnYnR) (23) .
We have previously used a temperature-sensitive mutation in the pseudorabies IE protein (14) to demonstrate that in vitro transcriptional stimulation is dependent on the presence of an active IE protein (1) . In this study, we show that the IE protein binds directly to multiple specific sites on class II gene promoters and that site-specific binding also requires a functionally active IE protein. Furthermore, IE protein-dependent transcription from the major late promoter is inhibited by competing IE protein-binding sites, indicating that the promoter-binding properties of the IE protein are related to its transcriptional activating function.
MATERIALS AND METHODS
Preparation of IE protein-containing fractions. HeLa cells were infected with wild-type and tsG pseudorabies viruses, and nuclear extracts were prepared from infected and mockinfected cells as previously described (2) . Chromatographic fractionation of nuclear extracts through DEAE-cellulose and phosphocellulose was as previously described (2; S. M. The hsp 70 probes used in the experiments shown in Fig.  2 were prepared as above. The 376-bp promoter-containing NcoI-SalI fragment from plasmid pHC (28) was labeled at either end, with resulting specific activities of 10,000 to 12,000 cpm/ng. The hsp 70 probe used in Fig. 3 was internally labeled at the HpaII site (-3 (3, 000 Ci/mmol) by using T4 polymerase. All oligonucleotides used in Southwestern analysis were at the same specific activity (1, 300 cpm/ng). The 3' ends were not filled for the unlabeled oligonucleotides used in the transcriptional analysis. Nonspecific oligonucleotides utilized for Southwestern and/or transcription analysis included a mutated octamercontaining sequence (33 bp with IE-containing fractions, partially purified by chromatographic fractionation through DEAE-cellulose and phosphocellulose columns (2; Abmayr, Ph.D. thesis), revealed several protected sites on the major late promoter (Fig. 1 ). Of these, several sites (Fig. 1, sites 1 to 3 ) were protected only in IE protein-containing fractions from cells infected with wild-type or tsG pseudorabies viruses (Fig. 1A, lanes 2 and  3; Fig. 1B, lanes 1 and 2) . The strongest protection was observed downstream of the cap site, while somewhat weaker protection was observed over the cap site and upstream. The differential affinity of these sites for the IE protein has been independently confirmed by Southwestern analysis (see Fig. 4 and below). In accordance with these results, the sites have been designated ML(1) (strong) ML(2), and ML(3) (weak) (Fig. 1) . In addition, one other region of protection was found with both the IE proteincontaining fraction and the corresponding fraction from mock-infected cells (Fig. 1A, lane 4; Fig. 1B, lane 3) and reflects binding of the cellular factor USF (27) .
We have previously shown that the temperature-sensitive IE protein from the tsG mutant virus (14) is functionally inactivated in vitro by mild heat treatment (1, 2). To test the dependence of protection at these sites on the presence of a functional IE protein, we used this temperature-sensitive IE protein. Prior to the binding assay, the wild-type, tsG, and mock-infected fractions were heat treated at 45°C for 20 min. As shown in Fig. 1A (lane 6) and 1B (lane 5), heat treatment of the tsG fraction abolished protection at these sites, such that the resulting digest resembled that obtained with the mock-infected fraction. In contrast, protection of these sites was unaffected by heat treatment of the wild-type protein (Fig. 1A, lane 5; Fig. 1B, lane 4) .
We have also examined DNase I protection patterns on the human hsp 70 promoter in the presence of IE proteincontaining fractions ( Fig. 2A and B) . Two DNase I-protected regions were evident on this promoter. The most strongly protected region was upstream, HSP(1), while a region of somewhat weaker protection was detected downstream, HSP(2) (Fig. 2) . Furthermore, protection at both of these sites was lost upon heat treatment of the tsG but not of the wild-type fraction, indicating dependence on a functional IE protein (compare lanes 5 and 6 in Fig. 2A and 2B ). Fig. 1 and 2 did not contain TFIID activity or convey DNase I protection of the TATA box, it is possible that the IE protein-dependent binding observed was due to unidentified cellular proteins which cofractionated with IE protein. Alternatively, the observed binding might reflect the direct promoter interactions of the IE protein.
To investigate these possibilities, we tested direct binding of promoter fragments to the IE protein by Southwestern analysis. Southwestern blots (Fig. 3) illustrate the binding of major late (Fig. 3A) and hsp 70 (Fig. 3B) Fig. 3 . Nitrocellulose strips cut from the blot were probed under the same conditions with equal labeled oligonucleotide probes at identical specific activities and concentrations as described in Materials and Methods. The specific oligonucleotide probes used contained major late or hsp 70 promoter sequences that were protected in the footprinting analysis (see Materials and Methods) and included the sites designated MLP(1), MLP(3), HSP(2), and HSP(1). Nonspecific oligonucleotides containing a mutated octamer sequence (m-octa) or the adenovirus VAl gene B-block sequence (B-Block) were also tested for binding sizes are shown in kilodaltons (kd). (B) Sequences of the oligonucleotide (OLIGO.) probes and the relative extent of binding as determined by densitometry of autoradiograms. The DNase I-protected regions on these sequences (from Fig. 1 and 2 ) are indicated by solid lines above or below the protected nucleotides.
Additional proteins in the range of 116 kDa also appeared to bind to these fragments. These proteins bound nonspecifically to all of the fragments and oligonucleotides examined and were present in both infected and mock-infected extracts ( Fig. 3 and 4 Consistent with the results of the footprint analysis described above ( Fig. 1 and 2) , IE apparently bound to the specific oligonucleotides with different affinities (Fig. 4) . The strongest binding, observed was to the oligonucleotides which corresponded to the protected sites ML(1) and HSP (1) as designated in Fig. 1 and 2 , respectively. Substantially weaker binding was observed to the two other site-specific oligonucleotides tested, ML(3) and HSP (2) . The relative binding of IE to these oligonucleotides correlated with the extent of DNase I protection of the corresponding sites on promoter fragments when IE concentrations were titrated. The ML(1) site was protected at lower IE protein concentrations than was ML(3), and the HSP(1) site was protected at lower IE protein concentrations than was HSP(2) (data not shown). These data confirm the site-specific binding of the IE protein to the major late and hsp 70 promoter fragments previously shown and further illustrate that both low-and high-affinity binding sites exist on each of these promoters.
The sequences of these oligonucleotide probes are shown in Fig. 4B . The solid lines above and below each sequence indicate the protected bases. The largest homology between the two high-affinity sites, ML(1) and HSP (1), is the sequence CCNCATCG. However, we have also detected in the adenovirus EIII promoter a strong protected site (-10 to +13 relative to the cap site) which does not contain this sequence (data not shown). Alternatively, the sequence GCGAGG is present in both the ML(1) site and the strong EIII site. However, only four of these bases (CGAG) are present in the HSP(1) site. In addition, partial homologies to this sequence are present in the ML(3) site (GCGAG) and the HSP(2) site (GAGG). Thus, while small homologies are observed within these binding sites, it seems unlikely that these homologies alone can account for the sequence specificity and the differing affinities of IE protein binding to these regions. Although we cannot eliminate the possibility that the differences in sequence specificity and affinity are actually due to the presence of several forms of the IE protein, we believe that this is unlikely. In contrast to the 175-kDa herpes simplex virus ICP4 protein, of which several forms have been identified (23) , no higher-molecular-weight species of the PrV IE protein have been observed by similar methods of analysis (this paper).
IE protein-dependent transcription was preferentially inhibited by oligonucleotides complementary to binding sites. To investigate the functional relevance of site-specific binding of the IE protein, we tested the effect of competitor binding sites on IE-dependent transcription from the major late promoter (Fig. 5) . As shown previously (1, 2), the addition of IE protein-containing fractions to transcription reactions performed at low template concentrations stimulated the level of transcription obtained (compare lanes 1 and 2) . However, when the IE protein-containing fractions were incubated with oligonucleotides corresponding to the highaffinity IE protein-binding sites ML(1) and HSP(1), the subsequent level of transcription obtained was decreased in a dose-responsive manner (lanes 3 to 6 and 7 to 10). 16-fold molar excess (relative to the promoter concentration), the level of transcription was reduced 4.0-fold by the ML(1) oligonucleotide and 3.6-fold by the HSP (1) In addition to the previously discussed role of the TATAbinding factor (TFIID) in ElA and IE protein-mediated stimulation, other cellular proteins have also been implicated as targets of ElA. These include the sequence-specific factor ATF, which has a binding site common to many promoters (19) , and E2F, which binds upstream of the adenovirus E2 promoter (16 
